Neocortical information processing is powerfully influenced by the activity of layer 6 projection neurons through control of local intracortical and subcortical circuitry. Morphologically distinct classes of layer 6 projection neuron have been identified in the mammalian visual cortex, which exhibit contrasting receptive field properties, but little information is available on their functional specificity. To address this we combined anatomical tracing techniques with high-resolution patch-clamp recording to identify morphological and functional distinct classes of layer 6 projection neurons in the rat primary visual cortex, which innervated separable subcortical territories. Multisite whole-cell recordings in brain slices revealed that corticoclaustral and corticothalamic layer 6 projection neurons exhibited similar somatically recorded electrophysiological properties. These classes of layer 6 projection neurons were sparsely and reciprocally synaptically interconnected, but could be differentiated by cell-class, but not target-cell-dependent rules of use-dependent depression and facilitation of unitary excitatory synaptic output. Corticoclaustral and corticothalamic layer 6 projection neurons were differentially innervated by columnar excitatory circuitry, with corticoclaustral, but not corticothalamic, neurons powerfully driven by layer 4 pyramidal neurons, and long-range pathways conveyed in neocortical layer 1. Our results therefore reveal projection target-specific, functionally distinct, streams of layer 6 output in the rodent neocortex.
Introduction
Layer 6 (L6) is a key neocortical output layer, which functions to control network activity through the engagement of intracortical (Olsen et al. 2012; Bortone et al. 2014 ) and subcortical mechanisms (Murphy and Sillito 1987; Briggs and Usrey 2009; Olsen et al. 2012; Mease et al. 2014; Crandall et al. 2015; Denman and Contreras 2015) . Such powerful circuit operations are driven by L6 pyramidal neurons, which have been molecularly, anatomically, and functionally characterized into distinct classes (Peters and Kara 1985; Katz 1987; van Brederode and Snyder 1992; Hirsch et al. 1998; Briggs and Usrey 2009; Chen et al. 2009; Thomson 2010; Watakabe et al. 2012; Marx and Feldmeyer 2013; Bortone et al. 2014; Velez-Fort et al. 2014; Tasic et al. 2016) . The majority of L6 pyramidal neurons are projection neurons, which innervate subcortical targets to dynamically control sensory processing through the engagement of powerful usedependent facilitation of excitatory synaptic outflow (McCormick and von Krosigk 1992; von Krosigk et al. 1999; Williams and Stuart 2000; West et al. 2006; Mease et al. 2014; Crandall et al. 2015) .
Distinct classes of L6 projection neuron have been identified in the primary visual cortex of higher mammals, which specifically innervate thalamic nuclei, and the claustrum (LeVay and Sherk 1981; Katz 1987) . Thalamic and claustral projecting L6 pyramidal neurons are morphologically divisible by the pattern of their apical dendritic arborization, and functionally, by visual receptive field properties, suggesting a differential innervation by intracortical circuitry (LeVay and Sherk 1981; Katz 1987; Grieve and Sillito 1995) . In the murine visual cortex, however, the existence of divisible L6 output streams is controversial. Analysis of molecularly identified, cre-NTSR1 +ive , L6 neurons (Gong et al. 2007 ) has revealed a dichotomy of apical dendritic structure, but a uniformity of projection to the visual thalamus (Olsen et al. 2012; Velez-Fort et al. 2014) . Despite this, tracer studies have demonstrated a direct projection from the primary visual cortex to the claustrum in mice (Atlan et al. 2016) , suggesting that independent streams of L6 output exist in the rodent neocortex. Yet, the identity of the L6 pyramidal neurons that give rise to this projection is unknown. Such information is essential as rodents have become the model of choice to study cortical information processing, and extensive knowledge has been gained on the intracortical circuitry of rodent primary sensory cortices (Helmstaedter et al. 2007 ; Lefort et al. 2009; O'Connor et al. 2009; Velez-Fort et al. 2014; Markram et al. 2015) . It, however, remains unknown if morphologically and functionally identifiable pyramidal neuron classes, driven by specific intracortical circuitry, convey subcortical targetspecific L6 neocortical output in rodents.
To directly address this we identified L6 projection neurons of the rat primary visual cortex to investigate their morphological properties, intracortical synaptic connectivity, and the usedependent dynamics of unitary excitatory neurotransmission. We find that L6 pyramidal neurons, which project to the visual thalamus or claustrum are uniquely innervated by intracortical excitatory circuits and exhibit contrasting patterns of usedependent excitatory synaptic outflow. Our results therefore reveal target-specific, functionally distinct, streams of L6 output in the rodent neocortex.
Materials and Methods
All procedures were approved by the animal ethics committee of the University of Queensland, and were in accordance with the Animals (Scientific Procedures) Act, 1986 (UK) . Male Wistar rats (3-4 weeks old) were deeply anaesthetized with isoflurane (2-3%), and tracer (Red RetroBeads IX; Lumafluor) injected unilaterally to the claustrum or dorsal lateral geniculate nucleus (dLGN) at defined antero-posterior, mediolateral, dorsoventral coordinates from bregma (claustrum: +2.3/+3.2, −1.5/3.2, −3/ −4.7; dLGN: −4.5, −3.6, −4.4). Tracer injections (200-1500 nL) were made with mineral oil-filled borosilicate glass pipettes attached to a Nanoject II (Drummond). Animals were allowed to recover for at least 4 days before acute brain slices were prepared. Acute brain slices were prepared using standard procedures (Etherington and Williams 2011) . Briefly, coronal brain slices (300 μm) of the primary visual cortex, identified with reference to anatomical landmarks (Paxinos and Watson 1986) , were prepared in ice-cold artificial cerebrospinal fluid (ACSF) composed of (in mM): NaCl 125, NaHCO 3 25, KCl 3, NaH 2 PO 4 1.25, CaCl 2 1, MgCl 2 6, sodium pyruvate 3, and glucose 25 saturated with 95% O 2 and 5% CO 2 , and maintained submerged at room temperature. A single brain slice was transferred to a recording chamber, perfused with heated (34-36°C) ACSF of similar composition, but containing 2 mM CaCl 2 and 1 mM MgCl 2 , and visualized under video-enhanced infrared differential interference contrast (DIC) microscopy. Visually and/or fluorescence-guided triple or quadruple whole-cell recordings were made from the somata of multiple pyramidal neurons in determined neocortical layers with identical current-clamp amplifiers (BVC 700A; Dagan), using pipettes with open tip resistance of 3-6 M when filled with a solution containing (in mM): potassium gluconate 135, NaCl 7, Hepes 10, Na 2 -ATP 2, Na-GTP 0.3, MgCl 2 2; and 0.5% biocytin, pH was adjusted to 7.2-7.3 with KOH. No correction was made for liquid junction potentials, experimentally determined to be −11 mV. In some experiments minimal electrical stimulation techniques (Stevens and Wang 1995) , were used to study the neocortical layer-specific excitatory synaptic input to L6 pyramidal neurons. Electrical stimuli were applied via a patch pipette coated with Silver paint, to form an indifferent electrode, with similar physical characteristics as those used for whole-cell recording, positioned <100 μm from the target neuron/dendrite in the presence of SR95531 (5 μM) and CGP52432 (10 μM) to block GABAergic transmission. Electrophysiological data was analyzed using Axograph (Axograph X) and Matlab R2102b (Mathworks). Unsupervised hierarchical cluster analysis was performed using JMP 13 (SAS) following Ward's method (Ward 1963) . For cluster analysis, we included measurement of subthreshold and suprathreshold parameters.
For detailed anatomical reconstruction of biocytin-filled neurons, brain slices were fixed in 4% PFA for 12h. Slices were then reacted with 0.2% streptavidin conjugated with AlexaFluor-488 (Invitrogen) and 2% Triton X-100 for 2h, mounted and coverslipped with Aqua Polymount (Polysciences). Montage, z-stacks (1 μm z step size) of neuronal morphology were created using confocal microscopy and reconstructed using Neurolucida software (MBF Bioscience). In some cases slices were counter stained with DAPI (Life Technologies) or with immunolabelling of vGLUT-2 (Synaptic Systems) in order to determine lamination and arealization of the primary visual cortex. Morphological assessment was performed independently by 2 experimenters. Neurons were excluded from morphological analysis if the main apical dendritic trunk terminated less than 10 μm from the surface of the slice ( Supplementary Fig. 1 ). Morphological data (detailed in Supplementary Tables 1 and 2 ) were subjected to unbiased classifiers, including hierarchical clustering (Ward's) , discriminant function analysis, and principle component analysis (based on the correlation matrix) (JMP 13). Transformation of morphological parameters was initially performed, but found not to adequately address the skewness of some parameters, and so analysis was performed on nontransformed data. Neuronal reconstructions were normalized (distance from pia to the bottom of L6 = 1500 μm) in the x-y-axes to account for the known variation in cortical thickness across the rostro-caudal extent of the rat primary visual cortex (Paxinos and Watson 1986) , which was determined to range between 1219 and 1884 μm (1583 ± 20 μm, n = 43) in slices counter stained with DAPI and V-GLUT2. Vertical span was calculated as the furthest straight-line distance the apical dendrite reached from the soma. Percentage span was calculated as vertical span/soma depth × 100. Branch terminal distance was calculated as the path length to each terminus in the apical arbor. XY field area and perimeter were calculated from a polygon whose corners were defined by the outer edges of the apical dendritic arbor.
Data are reported as mean ± standard error of the mean (SEM). Statistical testing utilized Students' t-test, or Mann-Whitney test for highly skewed and other nonparametric parameters. Nonequal variances were corrected using Welch's correction when using t-tests. Suitability for statistical testing was determined through examination of the sample distribution, the skewness and kurtosis using D'Agostino & Pearson omnibus K2 normality test, and comparing variances with an F-test. All statistical tests were performed using Prism (GraphPad).
Results

Morphologically Distinct L6 Pyramidal Neurons Project to Determined Subcortical Territories
Whole-cell current-clamp recordings were made from the somata of L6 neurons, which exhibited upright pyramidal morphology under video-enhanced DIC microscopy throughout the depth of L6, maintained in acute brain slices of the rat primary visual cortex (depth from pia = 1228 ± 10 μm, n = 86 neurons). High-resolution reconstruction of biocytin-filled neurons revealed that the morphology of L6 pyramidal neurons were not stereotyped, but exhibited contrasting patterns of apical dendritic arborization ( Fig. 1A; Supplementary Fig. 2 ; Supplementary Tables 1 and  2 ). In 19 of 35 recovered neurons, which satisfied morphological inclusion criteria, the apical dendritic arbor spanned the neocortical layers ending in a simple tuft at the base of neocortical L1, whereas the remaining neurons exhibited a relatively compact apical dendritic arbor that terminated predominantly within L4 (Fig. 1A) . Analysis revealed that the vertical span of the apical arbor, and as a consequence, the length of apical dendritic segments in the supragranular layers of the neocortex were bimodally distributed, indicative of the morphological division of L6 pyramidal neurons, as suggested by others ( Fig. 1A; Supplementary Fig. 2 ; Supplementary Tables 1 and 2) (Katz 1987; Olsen et al. 2012) . To examine if L6 pyramidal neurons could be objectively classified into groups, we performed hierarchical cluster analysis, finding 2 clear groups based on the progression of linkage distance ( Fig. 1B ; Supplementary Fig. 3 ; see Materials and Methods for details of cluster analysis). This division was independent of the variable set analysed, and was robust when a reduced parameter set of 3 parameters was used to avoid highly correlated, semi-dependent data, from having a large influence on analysis ( Fig. 1B ; Supplementary  Fig. 3A-C) . Principle component analysis of both this reduced parameter set, as well as all examined morphological parameters, showed the clear separation between groups ( Fig. 1F ; Supplementary Fig. 3H,I ). Based on these morphological criteria we refer to these groups of L6 pyramidal neurons as L6-Tall and L6-Short.
Quantitative analysis of the apical dendritic arbor of L6-Tall and L6-Short pyramidal neurons revealed a clear dichotomy, demonstrating that L6-Tall pyramidal neurons exhibited considerable apical dendritic arborization at distances >840 μm from the soma, a point at which all apical dendrites of L6-Short pyramidal neurons had terminated ( Fig. 1A ,C; Supplementary Table 2; mean apical dendritic vertical span L6-Tall = 1060 ± 23 μm; n = 19; percentage of total depth = 87 ± 1.8%; L6-Short = 665 ± 34 μm; n = 16; P < 0.0001, Students' t-test; percentage of total depth = 53 ± 2.4%; P < 0.0001; Mann-Whitney). As a consequence L6-Tall pyramidal neurons had significantly greater dendritic arborization in supragranular neocortical layers ( Fig. 1B, inset ; dendritic length in L1-3: L6-Tall = 735 ± 73 μm; L6-Short = 26 ± 15 μm, P < 0.0001; Mann-Whitney; percentage apical dendritic length in L1-3: L6-Tall = 31 ± 3.0%; L6-Short = 1 ± 0.5%; P < 0.0001; Mann-Whitney). These groups also significantly differed in a number of other parameters related to the arborization of the apical dendrite, such as dendritic length, average branch terminal distance, maximum branch terminal distance, dendritic field area, and dendritic field perimeter (Supplementary Table 2 ). Despite the significantly greater dendritic arborization in supragranular neocortical layers of L6-Tall pyramidal neurons, the morphological features of apical dendritic segments in L4 and L5, the somata size, and basal dendritic arbor of L6-Tall and L6-Short pyramidal neurons were indistinguishable ( Fig. 1A ; Supplementary Table 2) .
To determine if this morphological division was correlated with the subcortical projection target of L6 pyramidal neurons, we injected rhodamine-linked beads to subcortical structures and subsequently recorded, and biocytin-filled, retrogradely labeled neurons in the primary visual cortex using fluorescenceguided whole-cell recording techniques (Fig. 1D ). When neurons were retrogradely labeled from the dLGN, a large number of rhodamine bead-labeled somata were visualized in neocortical L6 ( Fig. 1D ; Supplementary Fig. 4 ; n = 4 animals). Whole-cell recording and anatomical reconstruction revealed that these neurons exclusively exhibited an apical dendritic morphology similar to L6-Short pyramidal neurons ( Fig. 1D-F Tables 1 and 2 ; n = 36). These morphological features were not a product of brain slice preparation, as in each slice we filled and recovered the morphology of neighboring nonretrogradely labeled L6 pyramidal neurons that exhibited morphology similar to L6-Tall pyramidal neurons ( Supplementary  Fig. 5 ). In contrast, when rhodamine-linked retrograde beads were injected to the region of the claustrum, a sparse pattern of rhodamine bead-labeled somata was visualized in L6 of the primary visual cortex at sites co-aligned with those labeled by dLGN injections (Supplementary Fig. 4 ; n = 6 animals). Anatomical recovery of these corticoclaustral (L6-CL) neurons revealed morphology similar to L6-Tall pyramidal neurons ( Fig Tables 1 and 2 ; n = 16; n = 7 recovered neurons excluded because the main apical dendritic trunk terminated <10 μm from the slice surface; Supplementary Fig. 1 ). Quantitative analysis demonstrated that the pattern of apical dendritic arborization of L6-CT and L6-CL neurons were distinct ( Fig. 1D -F; Supplementary Table 2; mean apical dendritic vertical span: L6-CL = 944 ± 29 μm; L6-CT = 768 ± 20 μm; P < 0.0001, Students' t-test; percentage of total depth: L6-CL = 85 ± 2.7%; L6-CT = 61 ± 1.5%; P < 0.0001; Mann-Whitney; apical dendritic length in L1-3: L6-CL = 772 ± 124 μm; L6-CT = 89 ± 20 μm, P < 0.0001, Mann-Whitney; percentage apical dendritic length in L1-3: L6-CL = 27 ± 0.04%; L6-CT = 4 ± 0.01%; P < 0.0001; Mann-Whitney). To determine, in an unbiased manner, if L6-CL and L6-CT neurons were similar to the L6-Tall and L6-Short pyramidal neurons, we first performed discriminant function analysis ( Supplementary Fig. 3D ,F). Discriminant function analysis was trained on the retrogradely labeled neurons grouped by their targets, and then the validity of the grouping of nonretrogradely labeled L6-Tall and L6-Short neurons was tested using the resultant discriminant function. No neurons were misclassified in the retrograde set (n = 52), and only a small fraction of neurons where misclassified in test sets (1 or 2 of 35, dependent on the morphological parameters sets examined; Supplementary Fig. 3D ,F). Furthermore, principle component analyses of all recovered neurons, using both the reduced parameter set (Fig. 1F) , and all examined morphological parameters ( Supplementary Fig. 3H,I ), showed that L6-Tall and L6-CL neurons predominantly overlapped in parameter space, as did L6-Short and L6-CT neurons, which also clustered separately from the L6-Tall/L6-CL neurons (Supplementary Fig. 3E,G) . Together these data demonstrate that morphologically distinct classes of L6 projection neurons in the rodent primary visual cortex target separate subcortical structures. Furthermore, these findings indicate that L6-Tall and L6-Short projection neurons are morphologically similar to L6-CL and L6-CT neurons, respectively. We thus refer to nonretrogradely labeled L6-Tall and L6-Short pyramidal neurons as L6-CL and L6-CT neurons, respectively, throughout the remaining sections of this article, although we cannot exclude that the recorded neurons projected to other targets.
Cell-Class Specificity of the Functional Properties of L6 Projection Neurons
To explore if these classes of L6 projection neuron could also be identified functionally we analyzed their intrinsic electrophysiological properties. Somatic whole-cell current-clamp recordings, however, failed to reveal significant differences between the sub-or suprathreshold electrophysiological properties of morphologically identified L6-CL and L6-CT neurons ( Fig. 2A,B ; Supplementary Table 3) . Indeed, cumulative probability distributions of resting membrane potential, apparent input resistance and the properties of threshold somatic current-evoked single action potentials demonstrated broadly overlapping distributions (Fig. 2C) . Hierarchical cluster analysis of subthreshold properties, together with those of single action potentials, therefore, failed to reveal distinct groups (Fig. 2D , see Materials and Methods for details of cluster analysis). Furthermore, the repetitive action potential firing properties of these neuronal classes, generated in response to long duration, large amplitude somatic positive current steps were indistinguishable (Supplementary Table 3 ). Our results, therefore, suggest that L6-CL and L6-CT neurons cannot be functionally distinguished on the basis of somatically recorded intrinsic electrophysiological properties. We next investigated if classes of L6 projection neurons could be distinguished on the basis of their excitatory synaptic output. Previous observations have demonstrated that the excitatory synaptic output of L6-CT projection neurons exhibit powerful frequency-and use-dependent facilitation at intracortical and subcortical targets (Ferster and Lindstrom 1985; McCormick and von Krosigk 1992; von Krosigk et al. 1999; Williams and Stuart 2000; Beierlein and Connors 2002; West et al. 2006; Crandall et al. 2015) , a property considered a defining characteristic of L6 projection neurons, but see . To examine if the properties of unitary excitatory transmission defined classes of L6 projection neurons we made simultaneous whole-cell recordings between groups of closely spaced L6 pyramidal neurons (n = 1010). Intracortical connectivity between L6 projection neurons was found to be sparse. We, however, recorded 31 unitary connections, which revealed clear cell-class-dependent properties of unitary excitatory neurotransmission. In confirmation of previous findings (West et al. 2006) we observed that when morphologically identified L6-CT neurons acted as a presynaptic partner, single action potentials evoked unreliable unitary excitatory transmission, which demonstrated a high failure rate (Fig. 3A ,B,D; single action potential failure rate = 66.1 ± 3.7%; n = 14 connections; n = 1883 events; Supplementary Table 4) . Accordingly, when L6-CT neurons were driven to fire 2 action potentials at high frequency (40 Hz), powerful use-dependent facilitation was engaged, characterized by a dramatic decrease in the failure of neurotransmission in response to the second action potential (second action potential failure rate = 28.2 ± 7.8%, paired-pulse ratio = 3.5 ± 0.5; n = 14 connections, n = 1152 events). This pattern of use-dependent facilitation was indistinguishable when L6 postsynaptic targets were L6-CT or L6-CL neurons (Fig. 3B) . In striking contrast, when L6-CL neurons acted as presynaptic partners, single action potential firing evoked reliable unitary excitatory transmission ( Fig. 3A-C ; single action potential failure rate = 31.3 ± 7.1%; n = 12 connections; n = 1389 events) and these synaptic connections demonstrated, on average, usedependent depression ( Fig. 3A-C ; action potential interval = 25 ms; PPR = 0.85 ± 0.1; n = 12 connections; n = 804 events). To explore the factors influencing these cell-class-specific properties, a coefficient of variation (CV) analysis revealed a predominant presynaptic locus of both use-dependent facilitation and depression of the excitatory synaptic output of L6-CT and L6-CL neurons, respectively (Fig. 3C,D) . In contrast, the unitary amplitude (excluding failures), 10-90% rise time, and width at halfamplitude of unitary excitatory postsynaptic potentials (uEPSPs) did not exhibit presynaptic cell-class or target neuron-dependent properties (Supplementary Table 4 which demonstrate presynaptic cell-class, but not postsynaptic target-specific rules.
Class-Specific Intracortical Excitatory Synaptic Connectivity
Recent work, using viral tracing techniques, has revealed the sparse innervation of L6 projection neurons in the murine visual cortex (Velez-Fort et al. 2014), a finding which contrasts with functional studies that have shown rich intracortical innervation, especially from neocortical L5 (Bolz and Gilbert 1989; Staiger et al. 2000; Zarrinpar and Callaway 2006) . To directly test if L5 pyramidal neurons drive classes of L6 projection neurons in the rodent visual cortex we probed for unitary synaptic connectivity using multisite whole-cell recording techniques. Paired recordings between 201 morphologically identified L5 pyramidal neurons and L6-CT or L6-CL neurons failed to reveal unitary excitatory synaptic connectivity, despite subsequent morphological examination demonstrating the close columnar registration of L5 and L6 pyramidal neurons and the apparent close apposition between the descending axons of L5 pyramidal neurons and the oblique and basal dendrites of L6 projection neurons (Fig. 4A,C) . Furthermore, we were unable to detect unitary excitatory synaptic connectivity between 654 presynaptic L2/3 pyramidal neurons and L6 projection neurons (Fig. 4B,D) . Notably, we report only tested presynaptic neurons that exhibited axons, which descended through the neocortical layers when subsequently reconstructed, and so the lack of connectivity cannot be ascribed to axotomy of descending axons during brain slice preparation (Fig. 4A-D) . Taken together these data demonstrate the poverty of descending connectivity from L2/3 and 5 pyramidal neurons to either class of L6 projection neurons in a~200 μm vertical column of the rat primary visual cortex (Fig. 4C,D) . We, however, cannot exclude that longer range, extra-columnar, excitatory input stemming from L2/3 and 5 innervates L6 projection neurons, as has been demonstrated anatomically in the mouse (Velez-Fort et al. 2014) . To further explore the sources of excitatory synaptic input to L6 projection neurons we used local minimal electrical stimulation techniques (Fig. 4E,F) . In confirmation of our L6 paired recordings, local minimal electrical stimulation in neocortical L6 evoked EPSPs with fast rise kinetics in morphologically identified L6 projection neurons ( Fig. 4E-H ; amplitude = 1.02 ± 0.31 mV; rise time = 1.81 ± 0.47 ms; n = 9 neurons, n = 188 events). When local electrical stimuli were applied to more superficial neocortical layers the rise time of evoked EPSPs slowed, consistent with the distance-dependent effects of dendritic cable filtering (Williams and Stuart 2002) ( Fig. 4E-H ; L4 minimal stimulation: amplitude = 0.47 ± 0.11 mV; rise time = 5.84 ± 1.91 ms; n = 6 neurons, n = 111 events). Notably, minimal electrical stimuli at sites within neocortical L1 evoked slowly rising and decaying EPSPs in L6-CL, but not L6-CT neurons, consistent with the class-dependent morphology of L6 projection neurons ( Fig. 4E,G ; amplitude = 0.66 ± 0.27 mV; rise time = 7.03 ± 1.73 ms; n = 9 neurons, n = 276 events). The neocortical layer spanning apical dendritic arborization of L6-CL neurons, therefore, allows unique direct access to excitatory long-range L1 circuitry (Rubio-Garrido et al. 2009; Petreanu et al. 2012 ).
Layer 4 Excitatory Neurons Powerfully and Reliably Drive L6 Corticoclaustral Neurons
The absence of columnar excitation provided by L2/3 and L5 pyramidal neurons, suggests that L6 projection neurons receive sparse intracolumnar excitation. L6 projection neurons of the rat primary visual cortex are, however, innervated by thalamocortical axons (Wang et al. 2013) , and may additionally receive input from excitatory neurons of the primary thalamocortical recipient layer of the neocortex (L4) (Tarczy-Hornoch et al. 1999; Qi and Feldmeyer 2015) , as has been demonstrated in brain slices of the somatosensory cortex (Qi and Feldmeyer 2015) .
Notably, however, in vivo recordings have revealed that the neuronal output of corticothalamic L6 projection neurons of the somatosensory cortex are controlled by direct thalamic, but not L4 excitation (Constantinople and Bruno 2013) . To resolve this discrepancy we made multisite whole-cell recordings between morphologically identified L4 excitatory neurons and classes of L6 projection neuron (Fig. 5) . From 334 tested pairs we found 13 unitary excitatory connections (Fig. 5A) . Notably when the morphology of postsynaptic L6 neurons was revealed, 12 L4-L6 unitary connections were made with L6-CL neurons, despite the 2:1 ratio sampling of L6-CT and L6-CL neurons as putative postsynaptic partners (20 L6-CL for 38 L6-CT in a random sample of 58 L6 projection neurons). This innervation specificity is notable given that L6-CT, but not L6-CL, neurons possess multiple dendritic bifurcations in L4 (Fig. 1) . Consistent with previous morphological analysis of excitatory cells in L4 of the rat primary visual cortex, the morphology of all presynaptic neurons was pyramidal-like ( Fig. 5A ) (Peters and Kara 1985; Wang et al. 2013) , with analysis revealing properties consistent with L4 star pyramidal and pyramidal neurons of the rodent primary somatosensory and visual cortices (soma area = 159 ± 29 μm 2 ; total apical dendritic length = 1323 ± 178 μm; total basal dendritic length = 1454 ± 307 μm) (Staiger et al. 2004) .
Functionally, single action potential-evoked L4 to L6-CL uEPSPs were of large amplitude ( Fig. 5B ; range = 0.07-2.30 mV; mean = 0.73 ± 0.16 mV; n = 12 connections), and had a slow time-course ( Fig. 5C; Supplementary Table 4 ; rise time = 2.95 ± 0.43 ms; half width = 15.47 ± 1.26 ms) but were not different from L6 evoked events (P > 0.05, multiple Kruskal Wallis tests). However, unitary L4 to L6-CL EPSPs were remarkably reliable and exhibited little use-dependency across a broad range of frequencies ( Fig. 5D ,E; single action potential failure ratio: 0.23 ± 0.08; frequency range: 10-100 Hz; paired pulse ratio (40 Hz) = 0.98 ± 0.10; n = 12). Analysis revealed that a subset of L4 neurons generated the strongest and most reliable uEPSPs received by L6-CL neurons ( Fig. 6A ; mean uEPSP range between 0.89 and 1.73 mV; failure ratio varies from 0 to 0.06). A finding that taken together with the slow time-course of L4 to L6-CL uEPSPs, suggests that L4 pyramids represent the major columnar drivers of this stream of L6 neocortical output (Fig. 6B ).
Discussion
L6 functions as a neocortical gain controller by driving intracortical inhibition and providing excitatory feedback to subcortical structures (LeVay and Sherk 1981; Murphy and Sillito 1987; McCormick and von Krosigk 1992; Grieve and Sillito 1995; Olsen et al. 2012; Bortone et al. 2014; Mease et al. 2014; Crandall et al. 2015; Atlan et al. 2016) . Multiple classes of L6 projection neurons have been described, but whether they represent distinct substrates for cortical information processing remains unknown. Here we show the morphological and functional division of L6 projection neurons into 2 segregated populations in the rat primary visual cortex, which drive defined subcortical targets with class-dependent excitatory synaptic dynamics.
Functionally Distinct Classes of L6 Projection Neuron
L6 is composed of a large diversity of neurons (van Brederode and Snyder 1992; Brumberg et al. 2003; Kumar and Ohana 2008; Chen et al. 2009; Thomson 2010; Olsen et al. 2012; Marx and Feldmeyer 2013) . Among projection neurons, a division has been made based on the pattern of apical dendritic aborization in many mammalian species (Katz 1987; Hirsch et al. 1998; Mercer et al. 2005; Olsen et al. 2012) . Our results confirm and extend these findings, revealing in the rat primary visual cortex the existence of corticoclaustral L6 projection neurons, which typically exhibit apical dendritic arbors spanning the neocortical layers, and corticothalamic L6 neurons that possess apical dendritic arbors, which predominantly terminated in neocortical L4. This anatomical division mirrors that described in the cat, where L6 projection neurons with short and tall apical dendritic morphologies have been shown to constitute 2 cell populations, which target the thalamus and claustrum, respectively (LeVay and Sherk 1981; Katz 1987) . However, in the murine visual cortex, cre-NTSR1 +ive corticothalamic L6 projection neurons possess both short and tall apical dendritic morphologies (Olsen et al. 2012; Velez-Fort et al. 2014) . As anterograde tracing has shown a corticoclaustral projection from the murine primary visual cortex (Atlan et al. 2016) , these data, together with ours, suggest that parallel streams of L6 neocortical outflow are mediated by morphologically and molecularly distinct populations of projection neuron in the rodent visual cortex. Functionally, we extend this division by showing that these populations of L6 projection neurons are identifiable by the dynamical properties of their excitatory synaptic outflow, and are driven by distinct columnar and long-range intracortical circuitry. Previous work has described the excitatory synaptic output of corticothalamic L6 projection neurons, detailing robust frequency and use-dependent facilitation of excitatory synaptic transmission, which play a defining functional role in the control of the sensory thalamus ( Mease et al. 2014; Crandall et al. 2015) . Our work indicates that this property is not a universal feature of L6 projection neurons, but represents a cell-class differentiator of L6 corticothalamic neurons. We find that intracortical unitary excitatory synaptic transmission mediated by morphologically identified L6 corticoclaustral projection neurons exhibits a high initial release probability, enabling reliable information transfer at low frequency, but demonstrates use-dependent depression, decreasing the ability to signal higher frequency trains of action potentials. In contrast, unitary intracortical excitatory transmission mediated by corticothalamic L6 projection neurons exhibited low initial release probability, and frequencydependent facilitation, consistent with previous observations made from intracortical (Ferster and Lindstrom 1985; Beierlein and Connors 2002; West et al. 2006 ) and subcortical targets (McCormick and von Krosigk 1992; von Krosigk et al. 1999; Williams and Stuart 2000; Crandall et al. 2015) . Notably, we observed that these classes of L6 projection neuron were sparsely synaptically interconnected within L6, where they demonstrated presynaptic cell-class, but not postsynaptic target-dependent dynamic properties. As the output dynamics of excitatory transmission of L6-CT projection neurons are preserved at intracortical and subcortical targets (West et al. 2006; Crandall et al. 2015) these data suggest that interconnected, but functionally separable streams of L6 output are conveyed to thalamic and claustral subcortical targets. Consistent with this, recent work utilizing optogenetic activation techniques, has demonstrated the use-dependent depression of monosynaptic corticoclaustral excitation of claustral projection neurons ).
Class-Specific Excitatory Intracortical Circuits Drive L6 Projection Neurons
In the murine visual cortex the network of presynaptic neurons that innervates L6 corticothalamic projection neurons has been anatomically identified (Velez-Fort et al. 2014) . Notably in the visual cortex, action potential firing is primarily driven by strong excitatory input from a small number of presynaptic neurons (Cossell et al. 2015) , making it crucial to identify the synaptic efficacy of presynaptic neurons. To directly investigate this, we made multisite recordings between presynaptic neurons in layers 2/3, 4, and 5 and identified classes of L6 projection neurons. In agreement with anatomical findings (Velez-Fort et al. 2014) , multisite whole-cell recordings revealed that L6 projection neurons were sparsely innervated by excitatory neurons within a 200 μm-wide cortical column. We failed to detect unitary synaptic transmission between 855 morphologically identified L2/3 or 5 pyramidal neurons and postsynaptic L6 projection neurons, despite the ramification of L2/3 and L5 pyramidal neurons descending axons through the dendritic trees of L6 projection neurons. The lack of connectivity therefore appears in violation of Peters rule (Rees et al. 2017) , and is notable as neocortical L6 has commonly been described as receiving prominent excitatory input from L5, a model based on results obtained by tracer injections and local glutamate uncaging techniques (Bolz and Gilbert 1989; Burkhalter 1989; Staiger et al. 2000; Zarrinpar and Callaway 2006) . Our findings, do not rule out the possibility of columnar descending excitation, as circuit mapping has revealed sparse columnar L2/3 and L5 connectivity in the murine visual cortex (Velez-Fort et al. 2014) , they, however, illustrate that L6 output pathways are more independent of L5 computations than previously suggested.
Notably, we observed a strong cell class-dependent columnar excitatory pathway between layers 4 and 6. Excitatory transmission from L4 to L6 has previously been reported in the cat visual cortex (Tarczy-Hornoch et al. 1999) and in the rat somatosensory cortex (Lefort et al. 2009; Qi and Feldmeyer 2015) . Our findings are, however, the first to report a strong preferential excitatory input from L4 to L6 corticoclaustral projection neurons. This excitatory input was characterized by a low failure rate and large uEPSP amplitude, features that were stable over a wide frequency range of L4 action potential firing, suggesting that these neurons represent the major source of columnar excitation of L6 corticoclaustral projection neurons. Morphologically presynaptic L4 neurons were of star pyramidal and pyramidal appearance; neuronal classes with dense laterally spreading axonal arbors (Peters and Kara 1985; Staiger et al. 2004 ) that have been suggested to function as hubs of neocortical information processing because of their direct thalamic and rich intra-and transcolumnar innervation (Schubert et al. 2003) . Our findings therefore reveal that L6 corticoclaustral projection neurons integrate the output of this intracortical hub together with direct thalamocortical input (Wang et al. 2013 ). In addition, minimal electrical stimulation techniques revealed that L6-CL neurons also received direct excitatory input conveyed in neocortical L1. As axons in this layer arise from thalamic nuclei (Peters and Feldman 1976; Burkhalter 1989; Rubio-Garrido et al. 2009 ), other sensory and associative cortices (Cauller et al. 1998; Zhang et al. 2014 ) and the claustrum (da Costa et al. 2010) , these data suggest that L6 corticoclaustral output is shaped by projections which convey contextual and attentional information (Larkum 2013; Zhang et al. 2014) . In contrast to the pattern of innervation received by cortico-cortical L6 projection neurons, paired recordings revealed that L6-corticothalamic neurons are predominantly under the columnar influence of closely spaced L6 principal cells, as observed in other cortices (Lefort et al. 2009; Llano and Sherman 2009; Hooks et al. 2011) . Anatomical findings have, however, demonstrated that corticothalamic L6 projection neurons of the primary visual cortex receive numerically predominant presynaptic input from higher visual areas (Velez-Fort et al. 2014) . It should be also noted that in the somatosensory cortex longrange motor cortex connections regulate the output L6-CT projection neurons (Lee et al. 2008) , possibly by direct excitatory synaptic input to L5/6 (Mao et al. 2011) . It is tempting to speculate, therefore, that these findings, together with the L6 cell-classspecific functional connectivity maps reported here, contribute to the formation of specific sensory responsiveness and receptive field properties of classes of L6 projection neurons in the rodent primary visual cortex, as has been found in the cat (Grieve and Sillito 1995) . Future work is therefore required to explore the physiological role of the functionally identifiable, subcortical target-specific L6 projection neurons that we have identified in the rat primary visual cortex.
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